Aims/hypothesis Insulin may link metabolic disorders to retinal microvascular pathology. The aim of the present study was to investigate the impact of early insulin resistance on retinal microcirculation. Methods Retinal diameter responses to flicker-light stimulation were investigated in 81 clinically healthy participants (32 ±6 years [mean±SD], 59% women) who were recruited according to their BMI. All participants underwent an OGTT and euglycaemic-hyperinsulinaemic clamp (40 mU/m 2 · min −1 insulin dose). After stratification by low and high insulin sensitivity based on a clamp-derived glucose disposal rate of ≤ or >4.9 mg/kg body mass, respectively, baseline retinal diameters and their relative changes to flicker stimulation were compared while controlling for mean arterial pressure, BMI and sex.
Introduction
Microangiopathy is a common complication in diabetes mellitus and may contribute to the excess cardiovascular risk seen in patients with the disease. In numerous studies, retinal vascular signs have been repeatedly correlated with cardiovascular risk factors, incident cerebrovascular and cardiovascular outcomes, and diabetic microvascular complications [1] [2] [3] [4] . These findings indicate that the retinal microcirculation may be an ideal site to study the proposed linkage between metabolic disorders and vascular complications. Structural and Insulin is a key determinant of elevated retinal arteriolar flicker response in insulin-resistant individuals functional retinal abnormalities found in diabetes mellitus have been thought to reflect a range of subclinical pathophysiologic responses to obesity, hyperglycaemia, hypertension, inflammation and hypoxia [5] [6] [7] . Despite being considered a key event leading to type 2 diabetes mellitus, the contribution of insulin resistance to retinal microvascular changes has received little attention. Resistance to vascular actions of insulin has been found to contribute to the pathogenesis of macrovascular diabetic complications [8] , while microvascular complications have frequently been considered secondary to hyperglycaemia. Evidence is now accumulating that insulin resistance may also play a pathophysiological role in the development of microvascular complications. Previously, it has been shown that microvascular dysfunction in lean and obese women is related to impaired insulin sensitivity [9] . A recent study in patients with type 1 diabetes mellitus found an independent relationship between insulin resistance and diabetic microangiopathy [10] . Another study revealed that individuals at risk for diabetes have similar attenuated retinal microvascular responses to flicker-light to those with type 2 diabetes mellitus, indicating that retinal microvascular changes are present before the development of manifest diabetes and associated complications [7] . To shed light on the possible aetiological role of insulin resistance in the development of microvascular abnormalities, we studied retinal vasodilator responses to flicker-light stimulation in clinically healthy individuals who were stratified into insulin-sensitive and insulin-resistant groups.
Methods
Study design and population The current Influence of Adiposity and Insulin resistance on Cardiovascular and Autonomic Integrity (LAICA) study investigated 98 white participants (40% men, 60% women) aged 32±6 (mean±SD) years between 2009 and 2014. Participants were recruited from the metropolitan area of Dresden by online and newspaper advertisements. To be eligible, participants were clinical healthy and between 25 and 45 years of age with a BMI≥20 kg/m 2 . The health state of each participant was verified during a screening visit by assessing a complete medical history and by physical and laboratory examinations (full biochemical profile). Supine resting BP and 12-lead electrocardiogram was recorded by the Finometer device (FMS Finapress Medical Systems, Amsterdam, the Netherlands) and the ELI 150 Px electrograph (Mortara Instrument, Milwaukee, WI, USA). No participants were taking any medications or dietary supplements. Exclusion criteria included arrhythmia, atrioventricular block, hypertension, peripheral or autonomic neuropathy, cardiovascular, cerebrovascular, thyroid, renal, or liver disease, epilepsy, increased ocular pressure (>21 mmHg), ocular disease, pregnancy and current or anticipated weightreduction diet. Upon eligibility, participants were stratified into one of three BMI groups based on the criteria of WHO for normal weight, overweight and obese individuals [11] . The purpose of this stratification was to obtain a large spectrum of insulin sensitivity. Study procedures were performed in line with the Declaration of Helsinki, and the study protocol was approved by the Ethics Committee of the Faculty of Medicine of the Technische Universität Dresden. All participants provided informed written consent. . Waist circumferences were measured using a conventional measuring tape.
Anthropometry and body composition

Assessment of glucose tolerance and insulin sensitivity
Participants attended the metabolic ward on two separate mornings, having fasted for 12 h and abstained from caffeine and alcohol for 24 h. They were instructed not to exercise on the day prior to investigations to eliminate acute effects of exercise on plasma glucose levels. Diagnostic tests were performed in a quiet room (ambient temperature 22°C) with the participants sitting (OGTT) or lying in a supine position (euglycaemic clamp) after having rested for 30 min. Glucose tolerance was evaluated during an OGTT by administering a 75 mg glucose bolus diluted in tea. Blood samples for analysis of plasma glucose and insulin levels were taken via an indwelling catheter at timed intervals (0, 30, 60, 90 and 120 min). HOMA-IR was calculated by the following equation: [fasting insulin (pmol/l)×fasting glucose (mmol/l)]/135. In vivo insulin sensitivity was assessed using the de Fronzo (1979) euglycaemic-hyperinsulinaemic clamp technique with a primed continuous infusion of insulin at 40 mU m −2 min −1 to achieve endogenous steady-state insulin concentrations and to draw steady-state blood samples [12] . An intravenous catheter was placed in the antecubital vein for infusion of insulin and glucose. A second catheter was placed retrograde in a dorsal vein of the contralateral hand for blood sampling. The hand was wrapped with a heating pad for arterialisation of venous blood. Blood glucose was clamped at 5.5 mmol/l by infusion of a 20% glucose solution at varying rates according to current blood glucose concentrations, measured every 5 min (Biosen C_line sport glucose auto-analyser; EKF-Diagnostic, Barleben, Germany). The mean glucose infusion rate during steady-state, defined as relative stability of blood glucose concentration (usually between 60 and 120 min), was used to calculate whole-body glucose uptake (steady-state glucose utilisation adjusted for BM). Steady-state plasma insulin was measured at 10 min intervals and steady-state values were averaged to calculate steady-state glucose disposal rate (GDR) adjusted for BM and steady-state insulin concentration.
Biochemical profile All biochemical analyses were performed at the Institute of Clinical Chemistry and Laboratory Medicine of the University Hospital Carl Gustav Carus, Dresden. To validate that participants were free of subclinical disease, a comprehensive biochemical profile was obtained at the screening visit. Biochemical profiling included a small haemogram, hepatic enzymes, uric acid and bilirubin to evaluate liver function, urea and creatinine to evaluate renal function, thyroid-stimulating hormone and thyroid hormones to evaluate thyroid function, serum electrolytes, total plasma protein, C-reactive protein, IL-6, coagulation factors, glucose and a complete lipid profile. Blood samples obtained during the OGTT and the insulin clamp were analysed for glucose and insulin. All biochemical analyses were performed using validated and standardised analytical methods.
Retinal vascular imaging Following mydriasis of the right pupil by 1% tropicamide eye drops, the mean diameter of a retinal arterial and venous segment was continuously measured in relation to time and position using the Dynamic Vessel Analyzer (DVA; Imedos, Jena, Germany) [13] . Vessel segments of approximately 1.5 mm in length located between one and two disc diameters from the margin of the optic disc edge were examined in continuous light for 30 s followed by three cycles of 20 s flicker-light provocation only interrupted by 50 s of steady fundus illumination. Flicker-light was generated by an optoelectronic shutter that interrupted the green measuring light (530-600 nm, illumination of fundus approximately 6500 lux) with a frequency of 12.5 Hz over the entire 30°i mage field, providing a sequence of one normal illuminated and one single dark frame at a video frequency of 25 Hz. The integrated VesselMap 2 software version 3.1 (Imedos) allowed for automatic calculation of baseline diameters and maximal dilation. An interval of 30 s before the flicker stimulation was considered as baseline to which the subsequent diameter response was normalised. The maximal dilation was the largest vessel diameter at the end of each flicker stimulation (±2 s) averaged across three flicker periods. Due to large inter-individual variation, the maximal constriction was manually derived from averaged temporal responses as the absolute minimum of the arterial diameter after the end of flicker stimulation. Both maximal dilation and maximal constriction were expressed as per cent change over baseline values. The peak-to-peak value was manually calculated as the difference between the maximal and minimal arterial diameters. The area under the reaction curve during flicker stimulation was calculated in [%×s] as described previously by Kotliar et al [14] . The purpose was to assess differences in the curve form during flicker stimulation. [15] . The χ 2 test was used to test significance of group differences for sex. Oneway ANOVA was applied to test for differences in major group characteristics. Analyses of covariance were used to examine differences in retinal flicker variables between insulin-resistant and insulin-sensitive participants independent of mean arterial pressure, BMI and sex. Linear regression analyses were performed to determine relationships of discriminative retinal variables and selected markers of the insulin resistance syndrome. Statistical significance was accepted at p<0.05.
Results
Ten participants experienced health problems during the clamp and retinal vessel analysis of seven participants was of poor quality, consequently leading to exclusion from data analysis. A total of 81 participants remained of whom 19 were identified as having insulin resistance ( Table 1 ). The insulinresistant group differed from insulin-sensitive participants in terms of haemodynamic, metabolic and anthropometric measures. The insulin-resistant group had a higher BMI, waist circumference and percentage body fat as well as higher fasting lipid, glucose and insulin concentrations. Mean arterial pressure was also significantly higher in the insulin-resistant group, with no differences in pulse pressure. According to the OGTT, six participants had impaired glucose tolerance. None was diagnosed with impaired fasting glucose and/or type 2 diabetes mellitus.
Mean maximal arterial dilation at the end of flicker stimulation and the area under the arterial reaction curve during the flicker were significantly higher in the insulin-resistant than the insulin-sensitive group, with no differences in baseline diameter of the analysed vessel segment (Table 2 ). There was a trend for reduced arterial constriction after cessation of the flicker in participants with insulin resistance as compared with insulin-sensitive participants. Retinal venous responses to flicker stimulation did not differ between the groups. Differences in retinal arterial responses to flickerlight were independent of differences in mean arterial pressure, BMI and sex distribution.
Linear regression analysis indicated that insulin resistance syndrome markers (fasting insulin, mean arterial pressure, postprandial 120 min glucose, waist circumference, triacylglycerol, total cholesterol/HDL-cholesterol ratio) explained 21% of the variation in mean maximal arterial dilation in response to flicker (Table 3) . From all entered variables, fasting insulin remained the only significant predictor of the arterial flicker response in a stepwise procedure. All entered insulin resistance syndrome markers explained 16% of variation in the area under the arterial flicker curve; however, this model did not reach statistical significance. In a stepwise regression analysis, fasting insulin and waist circumference were the only predictors of the area under the arterial flicker curve, each contributing 7% to its variation.
Discussion
The major observation of the present study is that insulinresistant individuals show elevated vasodilator responses of retinal arteries to flicker-light stimulation compared with insulin-sensitive individuals. These differences were independent of major confounders such as BMI, mean arterial pressure and sex. Baseline insulin status was independently The retinal microcirculation is well suited for studying the association between insulin resistance and vascular function as it has been shown to be compromised over a wide hyperglycaemic continuum, thereby possibly contributing to the development of diabetic retinopathy and vision loss [5, 7, 14] . Against previous evidence in healthy obese [14] and individuals with moderately elevated HbA 1c [7] , our results indicate that the hyperaemic flicker response of retinal arteries is not reduced but heightened in early insulin resistance. It appears that previous findings were either not adjusted for differences in mean arterial pressure or were confounded by concomitant intake of statins and antihypertensive drugs, which are known to influence retinal diameters and flicker responses [16, 17] . Tentative support for our findings can be found in a recent pilot study, in which flicker-stimulated retinal blood flow tended to be greater in insulin-resistant than insulinsensitive individuals [18] .
Retinal vasodilation to flicker-light is a physiological response to meet enhanced metabolic requirements of stimulated neural cells (neurovascular coupling). Potassium and nitric oxide (NO) appear to be putative mediators of the hyperaemic response to flicker-light in healthy humans [19, 20] although this concept has previously been challenged by animal data [21] . Recent evidence in humans, however, renders a proposed role of epoxyeicosatrienoic acids and prostaglandins in vasodilation induced by flicker-light unlikely [22] . As glial cells and neurons are also capable of generating NO by the neuronal isoform of NO synthase (NOS) [23] , the response of retinal vessels to flicker-light may be determined by both intact vascular endothelium and intact neuron-to-glial signalling. Recent findings suggest that the reduced retinal flicker response in early diabetes mellitus is a consequence of altered endothelial function rather than impaired neural activity [20] . Applied to our results, we conclude that early insulin resistance is associated with undisturbed retinal endothelial function. Although this conclusion contradicts the generally accepted view that retinal endothelial dysfunction links retinal vascular changes to diabetic complications [4] , there is evidence that NO production in diabetes mellitus is not impaired but may even be increased [24] [25] [26] . Elevated NO production in diabetes mellitus has been related to upregulation of the inducible isoform of NOS (iNOS) in not only skeletal muscle but also retinas of individuals with diabetes mellitus [26, 27] . Experimental studies indicate that iNOS may contribute to the development of diabetic retinopathy and other vascular alterations in diabetes mellitus, independent of endothelial and neuronal isoforms [27] . Although we did not measure the central retinal arterial equivalent (an integrated measure of the diameter of all retinal arteries), our data do not support the probability that the elevated flicker response in insulin resistance reflects underlying changes in baseline arterial diameter.
Diminished sensitivity to insulin's vascular actions is thought to contribute to the pathophysiology of insulinresistant states [28] . Under physiological conditions, insulin augments blood flow in insulin-sensitive tissues primarily via phosphatidylinositol 3-kinase (PI3K) signalling that regulates endothelial NOS activity. In the ophthalmic artery, insulin may account for a 10% increase in choroidal blood flow; an effect that is completely abolished by NOS inhibition [29] . However, there is evidence that insulin may also stimulate alternative pathways of NO synthesis that involve the insulin-like growth factor-1 receptor [30] . This pathway may become particularly important in insulin resistance when insulin receptors are desensitised [31] . In insulin resistance, insulin has been found to promote vasoconstriction and proliferation due to a relative shift of vasodilatory PI3K-NO signalling to vasoconstrictive mitogen-activated protein kinase (MAPK)-endothelin-1 signalling [32] . Although these molecular changes seem to contradict our findings, mechanistic studies have shown that MAPK pathways are crucially involved in the upregulation of iNOS gene expression in skeletal muscle and glial cells [33] . We propose that elevated circulating levels of insulin in insulin resistance may shift NO production from constitutive to inducible NOS isoforms that persistently produce higher amounts of NO once activated. The pattern of changes in retinal vascular diameters in insulin-resistant states may, however, vary with the degree of hyperinsulinaemia and the presence of concomitant hyperglycaemia and other comorbidities [1, 34] . As our study group was free of fasting hyperglycaemia, our results may primarily reflect retinal vascular changes in early stages of insulin resistance before manifestation of dysglycaemic conditions. The absence of hyperglycaemia may also explain why retinal venous responses to flicker-light were not different in insulin-resistant vs insulin-sensitive groups, although retinal venous widening and reduced venous dilation to flicker-light have previously been related to diabetes mellitus and diabetic microvascular complications [35, 36] . It has been suggested that increases in blood flow and inflammation associated with hyperglycaemia and retinal hypoxia may be primarily responsible for changes in retinal venous function and thus may subsequently develop with the onset of chronic dysglycaemic conditions [37] . However, a previous study also demonstrated reduced retinal venous responses to flicker-light in obesity, although the study did not control for significantly higher glucose levels in the obese individuals [14] . In our study, insulin-sensitive and insulin-resistant individuals had comparable fasting glucose levels, which may additionally explain undisturbed retinal venous flicker responses.
A major limitation of our study is that we only analysed a single retinal artery and vein, which is not fully equivalent to the integrated calibre of all individual retinal arteries and veins. Another disadvantage is the lack of uniform reference values for the definition of insulin resistance from euglycaemic-hyperinsulinaemic clamps. Different thresholds of GDR have been established that vary as a function of BM, fat-free mass, body surface area or metabolic size [15, 38] . We favoured GDR normalised for BM because it showed the strongest associations with retinal measures in the total sample (data not shown). Although clinical estimates of insulin resistance from routinely measured anthropometric and biochemical markers have similar sensitivity and specificity as GDR [38] , they constitute only indirect measures of insulin sensitivity and were usually developed on the basis of clamp studies [15, 38] . Impaired glucose tolerance was detected in six participants, whereas only three of them were found to have low insulin sensitivity according to the GDR cut-off. This difference may reflect limitations of the cut-off's sensitivity (67%) and specificity (64%) [15] . When excluding participants with impaired glucose tolerance from the insulinsensitive group the results did not change, although significance slightly weakened. Therefore, a partial contribution of prolonged postprandial hyperglycaemia to changes in retinal haemodynamics may also be considered.
In summary, we have demonstrated that retinal arterial dilation to flicker-light is enhanced in insulin-resistant as compared with insulin-sensitive individuals. Fasting insulin was identified as the only independent predictor of this response. We propose that the observed relationship between insulin and retinal vasodilator function reflects altered NOS regulation in insulin resistance.
